Abstract: In this study, the authors investigate the error rate performance of amplify-and-forward relaying over N * Nakagami fading channels. This is a recently introduced channel model that involves the product of N Nakagami-m-distributed random variables. Employing the moment generating function approach, the authors derive symbol error rate expressions for a single-relay system under instantaneous power scaling (IPS) and average power scaling (APS) factors at the relay node, that is, variable and fixed gains. The results achieved by the authors demonstrate that the achievable diversity order is a function of Nakagami fading parameter (m) and degree of cascading (N ). An identical diversity order is obtained under both scaling factors when the relay is close to the destination. When the relay is close to the source, IPS becomes advantageous over APS. Monte -Carlo simulations are further provided to confirm the analytical results.
fading channels to realistically model such scenarios [18 -20] . Such cascaded channels can be also used when the transmission media contains keyholes [21] and diffracting wedges such as street corners and/or rooftops [19] . They can be further considered for modelling the composite fading.
Cascaded Rayleigh fading channel, which involves the product of N independent Rayleigh-distributed random variables, is presented in [22] . For N ¼ 2, this reduces to double Rayleigh fading model which has been considered in [23, 24] . In addition, double Rayleigh fading channel model has been used for keyhole channel modelling of MIMO communications [21, 25] . Based on Nakagami-m fading, cascaded Nakagami (also named as N * Nakagami) channel is proposed in [26] . Special case with N ¼ 2 is studied in [27] . Cascaded Weibull and cascaded generalised-K channels are further introduced and investigated in [28, 29] , respectively.
In a recent paper [30] , we have investigated the error rate performance of a cooperative intervehicular system over a double Nakagami (i.e. N ¼ 2) fading channel. A Chernoff bound on the pair-wise error probability is derived in [30] assuming average power scaling (APS) constraint, that is, fixed gain, at the relay node and a union bound on error rate is presented. In this paper, we extend our analysis for N * Nakagami case which subsumes double Nakagami in [30] as a special case. We derive an exact symbol error rate (SER) expression based on the moment generating function (MGF) approach assuming instantaneous power scaling (IPS) constraint, that is, variable gain, as well as APS. The derived expressions give insight into the achievable diversity orders for various relay locations and channel parameters.
The rest of the paper is organised as follows: In Section 2, we describe the relay-assisted transmission model and fading channel under consideration. In Section 3, we derive the MGF expressions over N * Nakagami channel for IPS and APS constraints. In Section 4, we present Monte -Carlo simulation results to verify the analytical results. Finally, we conclude in Section 5.
System model
We consider a single-relay scenario (as shown in Fig. 1) where source, relay and destination nodes operate in half-duplex mode and are equipped with a single pair of transmit and receive antennas. In Fig. 1 , a SD , a SR and a RD represent source-to-destination (S D), source-to-relay (S R) and relay-to-destination (R D) links' complex fading coefficients whose magnitudes h SD ¼ |a SD |, h SR ¼ |a SR | and h RD ¼ |a RD | follow cascaded Nakagami-m distribution, respectively. These magnitudes are assumed to be the product of statistically independent, but not necessarily identically distributed Nakagami-m random variables [26] . Specifically, we have, RD, l 3 where N SD , N SR and N RD are the number of random variables (which we define as 'degree of cascading') for S D, S R and R D links, respectively. Here, h SD,l 1 , l 1 ¼ 1, 2, . . . , N SD ; h SR,l 2 , l 2 ¼ 1, 2, . . . , N SR and h RD,l 3 , l 3 ¼ 1, 2, . . . , N RD 's are Nakagamim-distributed variables with probability density function (pdf) [13] 
where the corresponding subscripts SD, SR and RD and numerical subscripts 1 -3 are dropped for convenience. In (1), m l , l ¼ 1, 2, . . . , N is a parameter describing the fading severity given by
l ] = 1, one can normalise the power of the fading process to unity. Here, E[.] denotes the expectation operator and G(.) is the Gamma function [31] .
The system model under consideration builds upon socalled receive diversity cooperation protocol [1, 6] . In this protocol, transmission is divided into two phases. During the first transmission phase, the source node broadcasts to the relay and the destination nodes. In the second transmission phase, the source node is silent and the relay node forwards the signal received during the first phase to the destination. The received signals at the relay and the destination are, respectively, given by
where x denotes M-PSK (phase shift keying) modulation symbol broadcasted from the source. In (2) and (3), E SR and E SD represent the average energies available at the relay and the destination which take into account possibly different path loss and shadowing effects in S R and S D links, respectively. n R and n D 1 are independent samples of zero-mean complex Gaussian random variables with variance N 0 /2 per dimension.
The relay node multiplies the received signal r R by a scaling factor of b = 1/ E[|r R | 2 ] to restrict the energy at its output.
Based on the availability of channel state information of S R link at the relay node, either IPS or APS constraint can be employed. In the former, the expectation is carried only over the noise term, whereas in the latter, the expectation is with respect to noise and fading terms. www.ietdl.org
Therefore the scaling factor takes the form of
After scaling by b, the relay forwards the resulting signal to the destination. After proper normalisations [3], the received signal can be written as
where E RD represents the average energy available at the destination node and n D 2 is conditionally zero-mean complex Gaussian random variable with variance N 0 /2 per dimension. At the destination node, the received signals r D 1 and r D 2 are fed to a maximum likelihood detector.
Derivation of SER
Based on the MGF approach, the exact SER for M-PSK is given by [13] 
where V g end (s) is the MGF of instantaneous endto-end signal to noise ratio (SNR) g end . Let the instantaneous SNRs of S D, S R and R D links be given by
obtained as the summation of instantaneous SNRs of direct and relaying links, that is, g end ¼ g SD + g SRD where
Noting that h SD , h SR and h RD follow cascaded Nakagami-m distribution, the pdf of corresponding instantaneous SNR is given by [26] 
where the subscripts SD, SR and RD are dropped for convenience and G
The MGF of instantaneous end-to-end SNR can be calculated as
where V g SD (s) and V g SRD (s) are the MGFs of g SD and g SRD , respectively. V g SD (s) is given by
Inserting (7) in (9) and using the closed-form solution [31, Eq. 7.813 .1], we have
On the other hand, V g SRD (s) can be calculated as
Substituting (10) and (11) into (8), we have
where
To the best of our knowledge, a closed-form solution for (12) 
Further using [31, Eq. 7.813 .1], we obtain 
Under APS constraint, we have Similar to (14) , (17) can be alternatively obtained in terms of the hypergeometric p F q function.
Replacing (14) and (17) in (5), we obtain the exact SER expressions, respectively, under IPS and APS constraints. These expressions can be also used for diversity gain evaluation. In Table 1 , we present the (asymptotic) diversity orders achieved for various values of N SD , N SR ,
, l 3 = 1, 2, . . . , N RD . These are obtained numerically from the slope of the SER-SNR function (i.e. 2log P s /log SNR) in high SNR region for values of m and N under consideration. It can be concluded from observations in Table 1 that the maximum diversity order is given by min(m 
Case 2: relay close to destination
When the relay is very close to the destination, SNR in S R link is much smaller than that in R D link, that is, g SR ≪ g RD . Therefore under the IPS constraint, we have
Integrating of (12) over g RD and g SR and using the closed-form solutions [ 
Under APS constraint, we again have
Therefore the MGF is identical to (18) . Replacing (18) in (5), we obtain the exact SER expression under IPS and APS constraints for this relay location. In Table 1 , we present the diversity orders achieved for various combinations of channel parameters. From these observations, the maximum diversity order turns out to be the same for both IPS and APS constraints and is given by min(m 
Numerical results
In this section, we present Monte-Carlo simulations to confirm the derived analytical results. We consider singlerelay scenario and assume 4-PSK modulation. In Figs. 2 and 3, we present the SER performance of the cooperative scheme against E SD /N 0 when the relay is very close to the source under APS constraint. Specifically, we assume that the average SNR in S R link is 30 dB larger than that in R D link and E SD ¼ E RD . This can be justified in practice through the deployment of power control mechanisms. In Fig. 2 , we consider the following scenarios based on the combinations of channel parameters: † Scenario 1:
In Fig. 3 , we consider the following scenarios: † Scenario 5:
It is observed from both figures that the derived analytical SER expressions (dash lines) provide a perfect match to the simulation results (solid lines). Since diversity orders, by the definition, are for asymptotically high SNR, we extend our analytical results to very low SER values while the simulation results are limited to at most 10 26 because of computation time. From Fig. 2 , we observe that ). From Fig. 3 , we observe that diversity orders are 2 and identical for scenarios 5-7 again confirming our analytical findings.
In Fig. 4 , we return our attention to SER performance under IPS constraint and still assume the case when the relay is very close to the source with the aforementioned scenarios 1-4. As earlier noted, we emphasise that we keep our SER and SNR values in a wide range to be able to demonstrate the diversity orders. As the degree of cascading increases, convergence to the asymtotical diversity order becomes slower and is observed for very high SNR values.
In Fig. 5 , we consider the case when the relay is very close to the destination and compare the performance of APS and IPS constraints. Specifically, we assume that the average SNR In Figs. 6 and 7, we examine the effect of relay location on the SER performance. We assume APS constraint and compare the performance for E SR /E RD ¼ 230, 210, 0, 10 and 30 dB. In Fig. 6 
Conclusions
In this paper, we have derived SER expressions through MGF approach for a single-relay system with amplify-andforward relaying over N * Nakagami fading channels. We have considered both IPS and APS factors at the relay node which correspond to, respectively, variable gain and fixed gain based on the availability of channel knowledge at the relay. Our results demonstrate that a diversity order of min(m www.ietdl.org
